. Expression and muscarinic receptor coupling of Lyn kinase in cultured human airway smooth muscle cells.
ALTHOUGH CULTURED HUMAN AIRWAY smooth muscle cells express mainly M 2 muscarinic receptors (39) , intact airway smooth muscle expresses both M 2 and M 3 muscarinic receptors (21) . Activation of M 3 and M 2 muscarinic receptors on intact airway smooth muscle leads to contraction and inhibition of relaxation, respectively, whereas activation of M 2 receptors on cultured cells leads to actin polymerization. M 3 muscarinic receptors couple to G q to stimulate phospholipase C and inositol phosphate synthesis, whereas M 2 receptors couple to G i and inhibit adenylyl cyclase. Multiple kinase cascades are involved in these signaling pathways, and in some systems activation of Src family tyrosine kinases is an upstream early postreceptor event.
The most widely expressed members of the Src family include c-Src, Yes, Fyn, Lyn, Lck, Hck, Blk, Fgr, and Frk (22) . Nonreceptor Src family tyrosine kinases share a common NH 2 -terminal Src homology 4 (SH4) acylation site, followed by a region unique to each family member, an SH3 domain, an SH2 domain, a protein kinase domain (SH1), and finally, a COOH-terminal regulatory domain (32) . Two important tyrosine phosphorylation sites are vital for Src kinase activity: a tyrosine located within the activation loop of the SH1 domain and another in the COOH-terminal regulatory domain. Src family kinases are inactivated by phosphorylation of a COOHterminal tyrosine residue by CSK (COOH-terminal Src kinase) and are activated by dephosphorylation of this tyrosine by a tyrosine phosphatase, but autophosphorylation of the tyrosine in the SH1 domain is required for full activation (17, 41) .
Nonreceptor Src family tyrosine kinases are well-known components of signaling pathways utilized by growth factor receptors. However, evidence is accumulating that Src family tyrosine kinases are also components of G protein-coupled receptor signaling pathways (18) mediating such processes as cellular migration, integrin signaling, and actin reorganization (8, 9, 20, 33) . Fyn, c-Src, Yes, and Lyn are activated by either lysophosphatidic acid, endothelin-1, or the cholinergic agonist acetylcholine (19, 30, 36) in non-smooth muscle cells. Fyn couples to M 2 muscarinic receptors in cultured canine colonic smooth muscle cells (37) and plays an important role in sphingosylphosphorylcholine-induced Ca 2ϩ sensitization of vascular smooth muscle (24) . In vascular smooth muscle, c-Src directly tyrosine phosphorylates the voltage-dependent Ca 2ϩ -activated K ϩ channel (1), whereas in human airway smooth muscle cells it plays a role in growth factor-induced proliferation and migration (13) .
Yes, c-Src, and Fyn are thought to be ubiquitously expressed. Other Src family tyrosine kinases are expressed in a tissue-specific manner. For example, Lck is predominantly expressed in T cells (5) . Lyn is preferentially expressed in B lymphocytes (28, 38, 42) , although a recent study suggests that Lyn kinase may be expressed in cell types other than hematopoietic cells (9) .
In hematopoietic cells, Lyn kinase has been linked to either proliferation (26) or inhibition of proliferation (14) , as well as B cell receptor signaling and B cell development (6) . Lyn, like other Src family tyrosine kinases, is inactivated by phosphor-ylation of the COOH-terminal Tyr508 by Csk and activated by both dephosphorylation of Tyr508 and autophosphorylation of Tyr397 in the SH1 domain (41) .
Despite the wealth of information about the expression and function of nonreceptor Src family tyrosine kinases and their function in lymphocytes and neoplasms, little is known about the expression and signaling of these kinases other than c-Src in airway smooth muscle. Lyn kinase may be expressed more widely than previously thought, and many G protein-coupled receptors activate Src family tyrosine kinases. Therefore, the goal of the present study was to determine whether Lyn is expressed and whether muscarinic receptor activation is coupled to Lyn kinase activation in human airway smooth muscle cells. Mouse anti-c-Src (GD11) monoclonal antibody (1:1,000), anti-Fyn rabbit whole serum (diluted 1:500), and Src substrate peptide were from Upstate. Mouse anti-Lyn (H6; 1:1,000), mouse anti-Fyn (15), and mouse anti-Yes (F-7; 1:100) monoclonal antibodies were from Santa Cruz. Rabbit anti-phospho-Lyn (Tyr507) and rabbit anti-phospho-p44/42 MAP kinase (Thr202/Tyr204) polyclonal antibodies were from Cell Signaling Technology. Mouse anti-GAPDH monoclonal antibody was obtained from Abcam. Rabbit anti-G␣ z polyclonal antibody (1:1,000) was obtained from Biomol. Human spleen RNA was from the human total RNA master panel II purchased from Clontech. All other reagents, unless otherwise noted, were from Sigma-Aldrich.
METHODS

Materials
Cell culture. Primary cultures of human tracheal smooth muscle cells (29) were maintained in DMEM/F-12 medium containing 20% FBS and 2 mM L-glutamine at 37°C in a humidified atmosphere of 5% CO 2-95% air. Cell passages 3-8 were used for all experiments. Immunoblot analysis of these cells previously identified expression of ␣-actin, myosin heavy chain, and desmin, confirming the smooth muscle phenotype of the cells. The human T cell lymphoma Jurkat and 293T cell lines were gifts from Jeremy Luban (Columbia Univ., New York, NY), whereas the human B cell lymphoma Ramos cell line was a gift from Riccardo Dalla-Favera (Columbia Univ.). Jurkat and Ramos cells were maintained in RPMI 1640 supplemented with 10% FBS and 2 mM L-glutamine, whereas 293T cells, human embryonic kidney cells stably transfected with the simian virus 40 large T antigen, were maintained in DMEM supplemented with 10% FBS and 2 mM L-glutamine. Chinese hamster ovary (CHO) cell lines stably expressing either the human M2 or M3 muscarinic receptor (a kind gift from T. Bonner, National Institutes of Health) (3, 4) were grown to confluence (11) in Ham's F-12 media with 10% FBS in 24-well tissue culture plates. All cells were maintained at 37°C and 5% CO2 in a humidified incubator.
RNA extraction/RT-PCR. To determine the mRNA expression of Src family kinases in human airway smooth muscle cells, we performed RT-PCR on total RNA isolated from nontransformed cultured human airway smooth muscle cells using gene-specific primers (Table  1) for the nine major Src family kinases: Blk, Fgr, Frk, Fyn, Hck, Lyn, Lck, c-Src, and Yes. Total RNA from human spleen, Jurkat, and Ramos cells was used as positive controls. Water was used as a negative control to rule out sample contamination.
Cells were pelleted (5 ϫ 10 6 ) at 250 g for 5 min and washed once with cold PBS. Total RNA was extracted using an RNeasy kit (Qiagen), following the manufacturer's instructions, and quantified by absorption at 260 nm. RT-PCR was performed using the SuperScript III One-Step RT-PCR System (Invitrogen) following the manufacturer's instructions. Briefly, 50 ng of total RNA were reverse transcribed at 55°C for 30 min, followed by PCR using gene-specific primers (0.2 M for sense and antisense primers). Forty cycles of denaturing (94°C for 15 s), annealing (60°C for 30 s), and extension (68°C for 2 min) were used, followed by a 10-min extension at 68°C. PCR products were electrophoresed through a 0.8% agarose gel, stained with ethidium bromide, and scanned under ultraviolet illumination using a Fluor-S MultiImager (Bio-Rad).
For muscarinic M2 and M3 receptor RT-PCR analysis, total RNA was extracted as described above from nontransformed cultured human airway smooth muscle cells and from CHO cells stably transfected with either the human M2 or M3 muscarinic receptors. RT-PCR was performed with the following modifications: 32 cycles of denaturing (94°C for 15 s), annealing (60°C for 30 s), and extension (68°C for 90 s), and the following primers were used: M2, forward: 5Ј-AGA ATG GCA AAG CCC CCA GGG ATC CT-3Ј, reverse: 5Ј-TCC ACG GTG GTA TTA GTT GGG GTA CAT GAG-3Ј; M3, forward: 5Ј-ATT TCG GCA GCT ACA ATG TTT CTC GAG CAG-3Ј, reverse: 5Ј-CCA GAC CGA TCA TCA CAC CGG CTC TC-3Ј.
Immunoblotting. Nontransformed confluent human airway smooth muscle cells from 12-well plates were lysed by the addition of 200 l of 2ϫ Laemmli sample buffer with 715 mM 2-mercaptoethanol (2-ME, Bio-Rad). Whole cell lysates (45 l) or 50-l aliquots from resuspended pellets from immunoprecipitation experiments were transferred to a microcentrifuge tube and were incubated at 100°C for 5 min and loaded onto a 10% polyacrylamide precast Ready Gel (Bio-Rad). After protein separation by SDS-PAGE, proteins were transferred onto a PVDF membrane, and the membrane was blocked with 5% milk in Tris-buffered saline with 0.1% Tween 20 (TBST) for 1 h at room temperature. Mouse ␣-Lyn (H6; 1:1,000), rabbit anti-Fyn (15) (1:500), mouse anti-Src (GD11; 1:1,000), mouse anti-Yes (F-7; 1:100), or rabbit anti-G z␣ (1:1,000) antibodies were added in 5% milk TBST and rotated for 2 h at room temperature. After three quick washes with TBST, horseradish peroxidase-linked sheep anti-mouse or anti-rabbit IgG was diluted 1:10,000 in 5% milk TBST and incubated at room temperature for 1 h. The membrane was washed three times for 10 min each with TBST, and proteins were visualized using Enhanced Chemiluminescent (ECL) Plus (Amersham) and exposed to Hyperfilm ECL chemiluminescence film (Amersham).
Immunoprecipitation before immunoblotting. Human airway smooth muscle cells were plated in a T-75 culture flask and allowed to reach confluence. Cells were washed twice with cold PBS and lysed by the addition of 1 ml of cold radioimmunoprecipitation assay (RIPA) lysis buffer [50 mM Tris(hydroxymethyl)aminomethane hydrochloride (Trizma-HCl), pH 8.0, 150 mM sodium chloride (NaCl), 1% octylphenyl-polyethylene glycol (Igepal CA-630), 0.1% SDS, 0.5% sodium deoxycholate, with protease (Mini-complete, EDTAfree, Roche) and phosphatase (inhibitor cocktail II, Sigma) inhibitors]. Cells were scraped, transferred to a prechilled microcentrifuge tube, and incubated on ice for 10 min. Cells were homogenized, and cellular debris were pelleted by centrifugation at 16,000 g for 10 min at 4°C. Equal amounts of protein (ϳ500 g), determined by BCA Protein Assay (Pierce), were transferred to a fresh, prechilled microcentrifuge tube, and 5 g of mouse anti-Lyn (H6) were added. Samples rotated overnight at 4°C, and immune complexes were recovered by the addition of 25 l of protein G-Sepharose beads (Amersham) for 1 h at 4°C. Beads were pelleted, washed three times with 1 ml of RIPA lysis buffer, and resuspended in 50 l of 2ϫ Laemmli sample buffer (Bio-Rad) containing 715 mM 2-ME for subsequent immunoblot analysis.
Production of lentiviral vectors and transduction of cultured human airway smooth muscle cells. Wild-type human Lyn cDNA was amplified from pcDNA4/TO (12) using primers to incorporate BamHI and EcoRI sites at the 5Ј and 3Ј ends of the opening reading frame for human wild-type Lyn (forward: 5Ј-CTCGAG[GGATCC]ACCATGG-GATGTATAAAATC-3Ј [BamHI recognition sequence]; reverse: 5Ј-GCCGC[GAATTC]CTACTAAGGCTGCTGCTGG-3Ј [EcoRI recognition sequence]). This PCR product containing the human wild-type Lyn coding sequence was cloned into the lentiviral vector pFUGW (16) after plasmid digestion with BamHI and EcoRI, which simultaneously removed the enhanced gene fluorescent protein coding region. Vesicular stomatolitis virus G (VSVG)-pseudotyped human immunodeficiency virus (HIV) vectors were generated by cotransfecting the transfer vector pFUW-wtLyn, the HIV-1 packaging vector pCMV⌬R8.91 (43) , and the pMD.G plasmid (27) encoding the VSVG envelope glycoprotein into 293T cells as previously described (16) . Briefly, nearly confluent 293T cells in T-75 flasks were cotransfected with pFUW-wtLyn, pCMV⌬R8.91, and pMD.G at a microgram ratio of 4:3:1 for a total of 30 g of plasmid DNA using 60 l of Lipofectamine 2000 in serum-free OptiMEM media according to the manufacturer's recommendations. After 24 h, the transfection medium was replaced with fresh DMEM/F-12 medium containing 20% FBS. Forty-eight hours posttransfection, the lentivirus-containing medium was collected and filtered through a 0.45-m Millex-HV syringe filter (Millipore), and Polybrene was added to a final concentration of 8 g/ml. Cell culture media were removed from human airway smooth muscle cells growing on six-well plates and replaced with 2 ml of lentivirus medium, and the tissue culture plates were spun at 1,250 g for 2 h at room temperature and then placed at 37°C. The spinfection procedure was repeated 24 h later with a second 2-ml aliquot of lentivirus medium. Transduction was confirmed 72 h postinfection by immunoblot analysis for Lyn. The pFUGW, pCMV⌬R8.91, and pMD.G plasmids were kindly provided by Jeremy Luban (Columbia Univ.).
Immunoprecipitation and Lyn kinase activation assay. In vitro Lyn kinase activation assays were performed following the method of Ptasznik et al. (30) , substituting the Src substrate peptide (Upstate) for acid-denatured enolase as an exogenous substrate for Lyn kinase. Nontransformed and wild-type Lyn-transduced cultured human airway smooth muscle cells were rendered quiescent by serum starvation for 24 h. Cells were treated as indicated, washed with cold PBS, and lysed with 50 mM Trizma-HCl, pH 7.4, 150 mM NaCl, 1% Igepal CA-630, 0.1% SDS, and 2 mM EDTA, with protease and phosphatase inhibitors. For each sample, 500 g of protein (determined by BCA Protein Assay, Pierce), typically in 1 ml of lysis buffer, were incubated with 5 g of mouse anti-Lyn (H6) monoclonal antibody for 1 h at 4°C. Protein G-Sepharose beads (25 l) were added and incubated at 4°C for 1 h. Beads were pelleted and washed once with lysis buffer and three times with kinase buffer (25 mM HEPES, pH 7.4, 10 mM MgCl 2, 10 mM MnCl2, and with protease and phosphatase inhibitors). Beads were resuspended in 25 l of kinase reaction buffer (25 mM HEPES, 10 mM MgCl 2, 10 mM MnCl2, 10 Ci [␥-
32 P]ATP, 10 g Src substrate peptide) and incubated at 30°C for 30 min with agitation. Reactions were terminated by the addition of 45 l of 2ϫ Laemmli sample buffer with 2-ME, incubated at 100°C for 5 min, and loaded onto a 4 -20% gradient Polyacrylamide Ready Gel. Proteins were separated by SDS-PAGE, and the gel was dried and exposed to a phosphor screen (Molecular Dynamics) overnight and analyzed with a PhosphorImager SI (Molecular Dynamics). Densitometry was performed using Image Quant software (Amersham).
Phospho-Lyn (Tyr508) analysis. Wild-type Lyn-transduced cultured human airway smooth muscle cells were plated on 12-well cell culture plates and allowed to reach confluency, whereupon they were deprived of serum for 24 h before treatment. Quiescent cells were washed once with PBS and treated as indicated. Treatment medium was removed, and cells were washed once with cold PBS. Cells were lysed by the addition of 200 l of 2ϫ Laemmli sample buffer with 2-ME. Whole cell lysates were transferred to a microcentrifuge tube and incubated at 100°C for 5 min, and 45 l of lysate were loaded onto a 10% polyacrylamide precast Ready Gel. After protein separation by SDS-PAGE, proteins were transferred onto a PVDF membrane and blocked with 5% BSA in TBST for 1 h at room temperature. Rabbit anti-phospho-Lyn (Tyr507) or rabbit ␣-phospho-p44/42 MAP kinase (Thr202/Tyr204) polyclonal antibodies were diluted to 1 g/ml in 5% BSA TBST and incubated with the membrane for 4 h at room temperature. After three quick washes with TBST, horseradish peroxidase-linked donkey anti-rabbit IgG was diluted 1:10,000 in 5% BSA TBST and incubated at room temperature for 1 h. The membrane was washed three times for 10 min each with TBST, and proteins were visualized using ECL Plus and exposed to Hyperfilm ECL chemiluminescence film. Membranes were reprobed with mouse anti-GAPDH monoclonal antibody (Abcam) to confirm equal protein loading. Densitometry was performed using Quantity One software (Bio-Rad).
Inositol phosphate assays. Synthesis of total [ 3 H]inositol phosphates in response to carbachol was performed on nontransformed cultured human airway smooth muscle cells and CHO cells stably expressing the human M3 muscarinic receptor grown to confluence in 24-well tissue culture plates. Briefly, after overnight loading with [ 3 H]myo-inositol (10 Ci/ml, 20 Ci/mmol) in inositol-free and serumfree DMEM, plates were washed three times (37°C Hanks' balanced salt solution with 10 mM LiCl). Incubation of cells in parallel wells in a final volume of 300 l at 37°C for 30 min was performed in the absence or presence of carbachol (1-100 M) or bradykinin (10 M). Reactions were terminated, and total [ 3 H]inositol phosphates were recovered by chromatography as described (10) .
Adenylyl cyclase assays. Adenylyl cyclase activity was determined by measuring the conversion of [␣-
32 P]ATP to [ 32 P]cAMP according to the method of Salomon et al. (34) . In brief, adenylyl cyclase assays were performed in intact nontransformed cultured human airway smooth muscle cells in 24-well cell culture plates for 15 min at 37°C in a total volume of 150 l containing 50 mM HEPES, pH 8.0, 50 mM NaCl, 0.4 mM EGTA, 1 mM cAMP, 7 mM MgCl 2, 0.1 mM ATP, 7 mM creatine phosphate, 50 U/ml creatine phosphokinase, 0.1 mg/ml BSA, and 10 Ci/ml [␣-
32 P]ATP (10) . Preliminary experiments confirmed the linearity of adenylyl cyclase activity at the cell density and incubation times used. Cells were treated with 10 M forskolin in the presence or absence of 1 M carbachol. The reactions were terminated by the addition of 100 l of stop buffer (50 mM HEPES, pH 7.5, 2 mM ATP, 0.5 mM cAMP, 2% SDS, and 1 Ci/ml Statistical analysis of data. All data are presented as means Ϯ SE. Immunoblot and phosphorimage intensities were compared by ANOVA with repeated measures and Bonferroni posttest comparisons when appropriate or by unpaired t-test with Instat software (Graph Pad, San Diego, CA). Inositol phosphate dose responses were analyzed by one-way ANOVA. Adenylyl cyclase activity was analyzed by Student's t-test. P Ͻ 0.05 was considered significant.
RESULTS
To determine the expression of Src Family kinases in human airway smooth muscle cells, RT-PCR was performed using total RNA isolated from these cells for nine major Src family kinases: Blk, Fgr, Frk, Fyn, Hck, Lyn, Lck, c-Src, and Yes (Fig. 1) . RT-PCR revealed mRNA transcripts for FYN, c-SRC, YES, FRK, and LYN in nontransformed cultured human airway smooth muscle cells. Transcripts for BLK, FGR, HCK, and LCK were not amplified in these cells; however, they were amplified from either Jurkat or Ramos cell lines or from human spleen RNA used as positive controls (Fig. 1) .
Fyn (59 kDa), c-Src (60 kDa), Yes (62 kDa), and Lyn were identified in nontransformed cultured airway smooth muscle cells by immunoblot analysis (Fig. 2) . Lyn appeared as two bands representing the two isoforms commonly expressed (56 and 53 kDa). To test the specificity of the Lyn antibody for use in in vitro kinase assays, Lyn was immunoprecipitated from the cultured nontransformed human airway smooth muscle whole cell lysates. Lyn-immunoprecipitated samples were probed for Lyn, as well as Fyn, Yes, and c-Src. Lyn was immunoprecipitated, whereas Fyn, Yes, or c-Src were not, demonstrating that these Src family tyrosine kinases were not nonspecifically contributing to the in vitro kinase assay (Fig. 3) .
To study the role of Lyn kinase in G protein-coupled receptor signaling, wild-type human Lyn was overexpressed in human airway smooth muscle cells using an HIV-1-based lentivirus transduction system. High-transduction efficiency was demonstrated by the substantial increase in wild-type Lyn expression compared with empty vector-infected cells (Fig. 4) .
To determine whether Lyn kinase played a role in G proteincoupled muscarinic receptor signaling in airway smooth muscle, Lyn kinase activity was assayed in both nontransformed human cultured airway smooth muscle cells and human cultured airway smooth muscle cells transduced with wild-type human Lyn exposed to carbachol (10 M) for 5 and 10 min. In cells transduced with wild-type Lyn, carbachol increased ␥-32 P In nontransformed native cells, carbachol increased Lyn kinase activity 1.41 Ϯ 0.14-fold (P Ͻ 0.05; n ϭ 3). These results demonstrate that carbachol activates Lyn kinase in both nontransformed cells and in cells transduced with wild-type Lyn. Cultured human airway smooth muscle cells are thought to express mainly M 2 muscarinic receptors that are coupled to G i protein (39) . To determine whether Lyn activation by carbachol was mediated via G i proteins coupled to muscarinic receptors, studies were conducted using an antibody that recognized phosphorylation of Tyr508 on Lyn kinase. Decreased phosphorylation of this residue is indicative of Lyn kinase activation. Human airway smooth muscle cells transduced with wild-type Lyn were either untreated or pretreated with pertussis toxin (100 ng/ml for 4 h) and exposed to carbachol (10 M for 5 min). Carbachol decreased the band intensity to 67 Ϯ 6.2% of untreated values (n ϭ 6, P Ͻ 0.01; Fig. 6A ). Pretreatment with pertussis toxin failed to inhibit carbachol-mediated decreased phosphorylation of Lyn Tyr508 as cells treated with both pertussis and carbachol yielded relative band intensities that were 56.7 Ϯ 5.2% of untreated values (n ϭ 6, P Ͻ 0.01) (Fig. 6A) . Pertussis toxin alone was without effect on LynTyr508 phosphorylation, yielding relative band intensities of 90 Ϯ 8.8% of untreated values (n ϭ 5, P Ͼ 0.05 compared with control; Fig. 6A ).
As pertussis toxin failed to inhibit carbachol-mediated activation of Lyn kinase, additional studies were performed to confirm effective pertussis toxin pretreatment. Carbachol increased ERK/MAPK phosphorylation 374 Ϯ 75% in the absence (P Ͻ 0.01) but only 171 Ϯ 30% in the presence (P Ͻ 0.05) of pertussis toxin pretreatment (n ϭ 3; Fig. 6B ), indicating effective blockade of G i by pertussis toxin pretreatment. Pertussis toxin alone had no effect on ERK/MAPK phosphorylation yielding relative band intensities of 92 Ϯ 7.4% of untreated values (P Ͼ 0.05; n ϭ 3). Together, these studies demonstrate that a pertussis-sensitive G protein is not an intermediate in the carbachol-mediated activation of Lyn kinase.
To determine whether our findings could be confounded by the expression of functional M 3 muscarinic receptors in nontransformed cultured human airway smooth muscle cells, we performed RT-PCR analysis of total RNA isolated from these cells, and functional inositol phosphate assays were performed in the presence of carbachol or bradykinin. Messenger RNA and total inositol phosphate synthesis was also measured in CHO cells stably expressing the human M 3 muscarinic recep- Fig. 3 . Representative image of nontransformed cultured human airway smooth muscle cells subjected to immunoprecipitation (IP) with an anti-Lyn antibody followed by immunoblotting with antibodies directed against Src kinase family members. Two isoforms (short arrows) of Lyn were identified by immunoprecipitation and immunoblotting using a Lyn-specific antibody. Immunoprecipitation with anti-Lyn antibody did not immunoprecipitate other Src kinase family members (Fyn, c-Src, or Yes). Long arrows indicate IgG antibody fragment from immunoprecipitation reactive with secondary antibody used in immunoblotting. WB, Western blot. tor (used as a positive control). Carbachol (1-100 M for 30 min) failed to increase total inositol phosphate synthesis in cultured human airway smooth muscle cells (Fig. 7C) in agreement with the lack of expression of mRNA encoding the M 3 muscarinic receptor (Fig. 7A) . In contrast, bradykinin increased total inositol phosphate synthesis to 726 Ϯ 57% of basal levels in these cells (n ϭ 3; P Ͻ 0.05; Fig. 7C ). In contrast, carbachol increased inositol phosphate synthesis in CHO M 3 cells in a dose-dependent manner (n ϭ 3, P Ͻ 0.05 compared with basal inositol phosphate synthesis; Fig. 7C ). These data suggest that carbachol is not activating M 3 muscarinic receptors in these cultured human airway smooth muscle cells.
In contrast, we detected both the mRNA expression (Fig.  7B ) and functional coupling (Fig. 7D ) of the M 2 muscarinic receptor in nontransformed cultured human airway smooth muscle cells. Forskolin stimulation resulted in 22.4 Ϯ 2.4 pmol of cAMP per well per 15 min (n ϭ 8). One micromolar carbachol decreased activity to 76.6 Ϯ 2.6% of forskolinstimulated activity levels (n ϭ 8; P Ͻ 0.05) indicating appropriate coupling of the M 2 muscarinic receptor to inhibition of adenylyl cyclase in these cells.
We questioned whether these nontransformed cultured human airway smooth muscle cells expressed the G z ␣ protein as an alternative coupling pathway for the M 2 muscarinic receptor in these cells. Figure 8 shows that G z ␣ was not detected in these cells by immunoblot analysis.
DISCUSSION
The present study shows for the first time that the Src family tyrosine kinase member Lyn kinase is expressed at both the mRNA and protein level in human cultured airway smooth muscle cells. A second major finding is that carbachol, an M 2 muscarinic receptor agonist in these cells, activates Lyn kinase by a pertussis toxin-insensitive signaling pathway.
Fyn, c-Src, and Yes have previously been identified in colonic (37) and vascular smooth muscle (9) . Our findings for c-Src, Fyn, and Yes in cultured human airway smooth muscle cells also agree with the currently held view that these three Src family tyrosine kinases are nearly ubiquitously expressed (42) . Lyn kinase, however, was thought to be preferentially expressed in B lymphocytes (28, 38, 42) . Our data demonstrating both mRNA and protein for Lyn kinase in cultured human airway smooth muscle cells and the identification by immunoblotting of Lyn kinase in a vascular smooth muscle cell line derived from human aorta (5, 23) and in smooth muscle cells harvested from explants of human saphenous vein (9) suggest wider expression of this kinase at least in smooth muscle. Dumler and coworkers (5) also identified Hck and Fgr in cultured aortic smooth muscle cells by immunoblot analysis. We did not attempt to identify these Src kinases by immunoblotting in cultured human airway smooth muscle cells because mRNA for FGR and HCK was not found by RT-PCR. It is unlikely that the primers that were used failed to identify these Src kinases in our airway cells because these primers identified mRNA for FGR in Ramos cells and mRNA for HCK in RNA isolated from human spleen. FRK (also known as RAK) was identified by RT-PCR in airway smooth muscle cells. Frk is expressed in epithelial and some other cell types but has not, to our knowledge, been identified in airway or other types of smooth muscle (2, 35) .
To study the role of Lyn kinase in G protein-coupled receptor signaling, wild-type human Lyn was overexpressed in human airway smooth muscle cells using an HIV-1 lentivirusbased transduction system (16) . A three-plasmid expression system was used to generate the lentiviral vector particles. This system has three advantages over other systems. It can be used on relatively slowly dividing cells such as airway smooth muscle (25) , does not require a cell surface receptor for entry into the target cell but mediates viral entry through lipid binding and plasma membrane fusion (27) , and allows higher transduction efficiency than most other methods in smooth muscle cells. Airway smooth muscle cells transduced with wild-type Lyn kinase were used in both the Lyn kinase activation studies and studies using an antibody that recognizes Lyn kinase phosphorylation at Tyr508, although Lyn kinase activation was also detected in nontransformed cultured human airway smooth muscle cells.
Two important tyrosine residues implicated in Lyn kinase regulation are the Tyr397 activation site and the Tyr508 inhibition site (41) . Tyr508 is phosphorylated by Csk to inactivate Lyn kinase and dephosphorylated by a phosphatase allowing Lyn to undergo a conformation switch and become activated. The decrease in LynTyr508 phosphorylation after carbachol treatment is evidence for Lyn kinase activation. An ␣-pLynTyr508 antibody has been used to demonstrate IL-6 activation of Lyn in human myeloma cells (15, 41) . Although it is possible that the antibody used in this study to detect Lyn phosphorylation may cross-react with the inhibitory residue of other Src family kinases, it is largely detecting Lyn kinase in these studies, as Lyn is the dominant Src family member expressed in the cells overexpressing Lyn, and an immunoreactive band was barely detectable using this pLynTyr508 antibody in native human airway smooth muscle cells.
Radioligand binding and Northern blot analysis demonstrate that the predominant subtypes of muscarinic receptors in human airway smooth muscle are M 2 and M 3 (21) . No evidence of other muscarinic receptor subtypes has been reported (21) . M 2 muscarinic receptors signal to inhibition of adenylyl cyclase via the activation of G i , whereas M 3 receptor activation leads to phosphatidylinositol turnover via activation of G q . In contrast to intact airway smooth muscle, cultured human airway smooth muscle cells have detectable levels of mRNA encoding the M 2 muscarinic receptor and functional coupling to G i but no detectable levels of mRNA encoding the M 3 muscarinic receptor and no activation of inositol phosphate by carbachol. These data agree with previously published data in these cells demonstrating expression of M 2 muscarinic receptors that couple to G i protein (7, 39) but not M 3 muscarinic receptors. The loss of M 3 muscarinic receptors in the cultured cells is not a weakness of the model system, but rather a strength, because it allows activation of the M 2 receptors by cholinergic agonists without the confounding activation of M 3 receptors.
There are a number of explanations for the data generated in this study showing that carbachol activated Lyn kinase by a pertussis toxin-insensitive pathway. Wan and coworkers (40) described a signaling pathway involving M 1 muscarinic receptors, G q , and Lyn in DT40 cells (avian B cells). It is unlikely that carbachol signaled to G q in the cultured human airway smooth muscle cells via a small number of M 3 muscarinic receptors since mRNA for the M 3 muscarinic receptor was not detected by RT-PCR in the cultured human airway smooth muscle cells but was detected in CHO cells overexpressing M 3 muscarinic receptors. Moreover, bradykinin increased total inositol phosphate synthesis in the CHO cells, whereas carbachol failed to do so in the human cultured airway smooth muscle cells. Second, it is not possible that ineffective blockade of G i by pertussis toxin pretreatment occurred in our preparation since pertussis toxin attenuated the carbacholinduced increase in ERK/MAPK phosphorylation. Third, it is not possible that carbachol via an M 2 muscarinic receptor signaled to the pertussis toxin-insensitive G protein G z as G z is not expressed in these cells. It is more likely that Lyn directly interacts with the M 2 muscarinic receptor independently of the G i protein. There is precedence for Src family kinases interacting directly with G protein-coupled receptors, including evidence that the M 4 muscarinic receptor contains an SH3 binding domain (31) .
In summary, we show for the first time that the Src family tyrosine kinase member Lyn kinase is expressed in human cultured airway smooth muscle cells and that carbachol, an M 2 muscarinic receptor agonist in these cells, actives Lyn kinase by a pertussis toxin-insensitive signaling pathway. One may speculate that this signaling pathway may play a role in cell proliferation, cell migration, or actin reorganization.
